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Differential and overlapping expression domains of DI/x-2 and Dix-3
suggest distinct roles for Distal-less homeobox genes in craniofacial
development
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Abstract

During the development of the vertebrate head, cranial neural crest cells migrate into the branchial arches to form many of the
structures of the facial skeleton. These cells follow defined developmental pathways and their fates are determined early. We have
isolated and characterized the murine Distal-less homeobox gene DIx-3 and have performed a comparative analysis of Dix-3 and
Dix-2 expression during craniofacial development. In contrast to Dix-2 and other vertebrate Distal-less genes, DIx-3 is not express-
ed in the central nervous system and is expressed in a highly restricted region of the branchial arches. Dix-2 and -3 display temporal
and spatial differences in expression in the arches and their derivatives. In later development, these two genes are expressed in both
complementary and partially overlapping domains in regions whose development is dependent on epithelial-mesenchymal interac-
tions, such as the developing middle and inner ear, teeth and whisker follicles. The differential expression of Dix genes in the bran-
chial region suggests that they play key roles in craniofacial patterning and morphogenesis.

Keywords: Distal-less (Dlx); Homeobox genes; Branchial arches; Neural crest; Tooth development; Ear development; Conserved

gene families; Craniofacial development

1. Introduction

The vertebrate head is composed of tissues of dif-
ferent embryonic origins with most of the facial skeleton
formed from neural-crest-derived mesectoderm. During
closure of the neural tube, the cranial neural crest cells
migrate ventrally from the neural folds into the fron-
tonasal process and the branchial arches to generate the
skeleton, connective tissue and dermis of the face, parts
of the skull and the cranial nerves. The migration pat-
terns and fates of cranial neural crest cells have been
studied extensively using radiolabeled orthotopic grafts
(Noden, 1973, 1975), quail-chick interspecific chimeras
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(Le Liévre and Le Douarin, 1975) and vital dye Dil trac-
ing (Lumsden et al, 1991; Serbedzija et al, 1992; Sechrist
et al, 1993). From these studies, the migratory pathways
of cranial neural crest cells and the precise origin of their
different derivatives could be assigned. These findings
imply that, during this phase of extensive migration and
morphogenesis, a genetic mechanism is required to
coordinate the formation and development of the head.

Transplantation experiments have also shown that the
fate of the cranial crest cells is predetermined before mi-
gration (Lumsden, 1988). For example, first arch crest
cells grafted into the area of the second arch produce
supernumerary first arch derivatives (Noden, 1983). The
basis of this intrinsic pattern-forming potential is not
clearly understood. However, the expression of some
homeobox genes reflects this early commitment of cells.
Most notable among these are the Hox genes, which are
organized in four paralogous gene clusters and are
expressed in a spatially restricted manner along the
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rostrocaudal axis according to their position in the clus-
ter (reviewed in McGinnis and Krumlauf, 1992). In the
hindbrain, the anterior borders of expression of specific
paralogous Hox genes coincide with rhombomere
borders. These same genes are expressed in the neural
crest cells emigrating from the rhombomeres and
ultimately in the branchial arch mesenchyme derived
from these cells. The characteristic expression pattern of
the Hox genes is maintained when the neuroectoderm of
specific rhombomeres is transplanted to ectopic sites in
the rhombencephalon (Guthrie et al, 1992; Kuratani
and Eichele, 1993). That the Hox genes are involved in

the patterning of the branchial arches is further sup-

ported by experiments that altered their expression pat-
terns during mouse development. The inactivation of
Hox genes normally expressed in the cranial neural crest
resulted in profound disturbances of the branchial
region, including apparent homeotic transformations
(Chisaka and Capecchi, 1991; Lufkin et al, 1991;
Chisaka et al, 1992; Gendron-Maguire et al, 1993; Rijli
et al, 1993). Similarly, ectopic expression of Hox gene
products in transgenic mice (Balling et al, 1989) and
treatment of developing embryos with retinoic acid
(which alters Hox gene expression domains) (Kessel and
Gruss, 1991; Conlon and Rossant, 1992) elicited
craniofacial malformations. However, with the excep-
tion of Hoxa-2, which is expressed in the
neuroepithelium of rhombomere 2 but not in the neural
crest derived from it (Prince and Lumsden, 1994), the
anteriormost domains of Hox gene expression only ex-
tend into rhombomere 3 and the second branchial arch
(Krumlauf, 1993). Hox expression is not detected in the
most rostral region of the central nervous system (CNS),
including the forebrain, midbrain and associated neural
crest, indicating that other genes must be required for
the patterning of these anterior regions.

We have previously identified several members of the
murine Distal-less (Dix) homeobox gene family that en-
code homeodomains homologous to that of the Droso-
phila Distal-less (DIl) homeobox gene (Robinson et al,
1991). The DIl gene product is required for the develop-
ment of the sensory organs in the larva and the distal
components of adult appendages (Sunkel and Whittle,
1987; Cohen and Jiirgens, 1989). It is now apparent that
the Distal-less gene family is both large and extremely
conserved. Family members have been identified from
several vertebrate species (Price et al, 1991; Robinson et
al, 1991; Porteus et al, 1991; Asano et al, 1992;
Beauchemin and Savard, 1992; Ekker et al, 1992;
Dirksen et al, 1993, 1994; Papalopulu and Kintner,
1993; Selski et al, 1993; Simeone et al, 1994). A major
site of expression of the previously characterized murine
Dix genes, Dix-1, -2, -5 and-6, is the ventral forebrain,
suggesting their involvement in the regionalization of
this part of the CNS (Price et al, 1991; Porteus et al,
1991; Robinson et al, 1991; Simeone et al, 1994). In this

/ Mech. Dev. 48 (1994) 199-215

paper, the molecular characterization and expression
pattern of another member of this gene family, Dilx-3, is
described and compared to Dix-2. In contrast to Dix-2,
DIx-3 is not expressed in the CNS. However, both Dix-2
and DIx-3 are differentially expressed, both spatially
and temporally, in the branchial arches and facial region
during development and in the developing teeth and
whiskers. Each gene has a distinct expression pattern in
the vestibular portion of the inner ear and in the middle
ear. Their restricted and temporally regulated expres-
sion, first in the migrating cranial neural crest and
subsequently in structures that are derived from the neu-
ral crest, suggests that the Dix genes may participate in
the patterning and morphogenesis of the craniofacial
region.

2. Results

2.1. Isolation and characterization of Dlx-3 ¢DNA
sequences

In an earlier study, we identified several members of
the murine Distal-less (DIx) homeobox gene family
(DIx-1, -2, -3 and -4) using polymerase chain reaction
(PCR) based methods, and described the expression pat-
tern of the Dix-2 gene in the forebrain (Robinson et al,
1991). In order to isolate cDNA sequences correspon-
ding to the other murine Dix genes, we screened several
embryonic cDNA libraries with a mixture of the PCR
amplified Distal-less homeobox sequences. Two cDNA
clones containing the homeobox sequence designated
Dix-3 were isolated. We were unable to isolate cDNA
clones containing the DIx-4 homeobox sequence. Since
the nucleotide sequence of the amplified Dix-4
homeobox is nearly identical to that of DI/x-3 and since
it was only found once among amplified gene products,
it is possible that this sequence was a PCR-generated
variant of Dix-3.

The two partially overlapping DIx-3 ¢cDNA clones,
containing inserts of 1.1 and 0.6 kb, were not full-length

- and lacked an initiating methionine codon. A genomic

DNA clone containing more 5’ sequence was isolated
that, together with the cDNA clones, allowed the entire
amino acid sequence to be predicted (Fig. 1). This se-
quence contained a methionine codon preceded by a
consensus sequence for initiation of translation (Kozak,
1989) and was very similar to the related Xenopus
(Dirksen et al, 1994) and zebrafish (Ekker et al, 1992)
genes (see Fig. 2).

The predicted Dix-3 protein contains 287 amino
acids. The homeodomain is located in the central por-
tion of the protein as it is in the predicted Dix-2 protein
(Robinson et al, 1991) and in that of the distantly related
homeobox gene Msx-1 (formerly Hox 7.1) (Hill et al,
1989). Recently, other vertebrate Dix-3-related genes
were isolated from the newt (Beauchemin and Savard,
1992), zebrafish (Ekker et al, 1992) and frog
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1 ATGAGCGGCTCCTTCGATCGCAAGCTCAGCAGCATCCTCACCGACATCTCCAGCTCGCTC 60
1 M s G S F DRIKXKULS S I L TODTI S S S8 L 20
61 AGCTGCCATGCGGGCTCCAAGGACTCGCCCACCCTGCCCGAATCTACAGTCACTGACCTG 120
21 S C HA G S KD S P TULPE STV TTD L 40
121 GGCTATTACAGCGCTCCTCAGCATGACTACTACTCGGGCCAGCCCTACGGCCAGACGGTG 180
41 6 Y Y S A P Q H D Y Y 8 G Q P Y G Q T V 60
181 AACCCCTACACCTACCACCACCAGTTCAATCTCAATGGGCTCGCAGGCACCGGCGCTTAC 240
61l N P Y T Y H HQ F NL NG UL A G T G A Y 80
241 TCGCCCAAGTCGGAATATACCTACGGGGGATCCTATAGGCAGTACGGAGCGTACCGGGAG 300
81 8§ P K 8 E Y T Y 6 G S Y R Q Y G A Y R E 100
301 CAGCCTTTGCCTGCCCAGGACCCAGTGTCGGTGAAAGAGGAGCCGGAAGCCGAGGTTCGC 360
101 Q P L P A Q D PV S V K E E P E A E V R 120
361 ATGGTGAACGGCAAGCCCAAAAAGGTCCGAAAGCCGCGAACGATCTACTCCAGCTATCAG 420
122 M V N G K P K K VR K P R T I Y 8 S Y O 140
421 CTGGCTGCCCTGCAGCGCCGTTTCCAGAAAGCCCAGTATCTGGCCTTGCCTGAGCGCGCC 480
141 L A A L Q R R F Q K A Q Y L A L P E R A 160
481 GAGCTAGCTGCACAGCTGGGCCTCACACAAACACAGGTGAAAATCTGGTTCCAGAACCGC 540
lél E_ L A A Q L G L T Q T Q V K I W F Q N R 180
541 CGCTCCAAGTTCAAAAAGCTCTATAAGAATGGGGAGGTGCCGCTGGAACACAGCCCCAAC 600
181 R S K F K K L Y K N G E V P L E H S P N 200
601 AACAGTGACTCCATGGCCTGCAACTCACCGCCGTCACCAGCACTCTGGGACACATCTTCC 660
200 N S D S M A CN S P P S P AL WD T S8 S 220
661 CATTCCACGCCAGCCCCTGCCCGCAATCCGCTGCCCCCACCGCTCCCATACAGTGCCTCC 720
221, H § T P A P A R N P L P P P L P Y S A S8 240
721 CCCAACTACCTGGACGACCCCACCAACTCCTGGTACCACACACAGAACCTCAGTGGACCC 780
241 P N Y L D D P TN S W Y HTOQUNL S G P 260
781 CACTTACAGCAGCAGCCTCCTCAGCCGGCTACCCTGCACCATGCCTCCCCTGGGCCCCCE 840
261 H L Q Q Q P P Q PA TULHUHA AS S P G P P 280
841 CCTAACCCTGGGGCTGTGTACTGAGTACCCACCTGGCCTGCGCCCCTCCACGAAGGACCC 900
281 P N P G A V Y =« 300
901 CCTCCAGGACCAGGCAGAAGGTGCCCTGTCCTAGCGACACTCAGGAATCATTGAGGGGCA 960
961 CAGGGGGAAAGACTCCCTTCCCTCTCCCTTGTCCCTTCTTCCAGGGGCCCAACAACCTCC 1020
1021 AGATGACAAATGCATGGACCGAGGATGCCCCCCAATCTCCCTCCCCTTGCTTAGACTGGE 1080
1081 GTGCCCTCCAGACGGCGAGGAGTTCTACCCCAGTGGGGACAGCACATGCTCTCTGCTCCA 1140
1141 GGAACCCGGATTGCCTCTAGATGGCTCATCACTTTCCAGCTTTTCAAACACAGTAGAGAC 1200
1201 CTCCAAAATGGGAGCCAGAGTGTTTGCAGGTCCACCTGTGCTGGGGCACCAGGCGCCACG 1260
1261 GATTCCAGCACAGCCAGACCTAAAGCACCAAGCCG 1295

Fig. 1. cDNA sequence and deduced amino acid sequence of Dix-3. The homeobox sequence is underlined.

(Papalopulu and Kintner, 1993; Dirksen et al. 1994). A
comparison of these sequences is shown in Fig. 2A. All
of the genes display a high degree of conservation over
the whole length of the protein and may, in fact, be true
orthologs (the Xenopus genes may represent the two
pseudo-allelic genes in this tetraploid organism). In all
five genes, 46% of the amino acids are identical and
another 9% of the sequence is shared by four of the five
proteins. An unusually long ‘extended homeodomain’ is
found, comprised of 21 residues upstream and 29

downstream of the classical helix-loop-helix homeodo-
main (Beauchemin and Savard, 1992). Of these 110
amino acids, 89% are identical and 93% are conserved in
four of the five sequences. It is also noteworthy that the
block of conserved residues preceding the homeodo-
main has a high concentration of charged residues (nine
out of 20) (Fig. 2B) and has the potential to form a-
helical structures (Devereux et al, 1984).

A comparison of the predicted protein sequence of all
known members of the murine Dix gene family (Dix-1,
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COMPARISON OF DLX-3 PROTEIN SEQUENCES

A
DI1x-3 MSG. SFDRKLSSI A ..
NvHBox-4 MIT- THGGT
Zefdlx3 ---PTY---IPG- H. ..
X-dll2 GAV: +GHLSA
Xdll-2 ---P.YEK-M.AV: T
B

Dlx-3 . POHDYYSGQPYGQTVNPYTY. ... RS
NvHBox-4 HSP----ON-~--S-PISH-P-....
Zefdlx3 .. .-E--QSP--P-QM-S-......
X-dll2 .G---FFPT-T-SPSISS-G-PHP.
Xdll-2 .G---FFQT-A-SPTISS-G-PHPP-P
DI1x-3
NvHBox-4
Zefdlx3
Xx-dliz
xdll-2
Dix-3
NvHBox-4
Zefdlx3
X-dli2
Xdll-2
Dilx-3 NGEVP . LEHSPNNSDSMACNS PPSPALWDTSSHSTPAPARNPLPPPLPYS
NvHBox-4 @~ ----- &M----D-----mv - A--TV--...NN--SRVQHTQAQ- - -HN
Zefdlx3  -----.------ A--ecmcmmeeee e V- -NNA-— . SQUVNRGQIPQP-1,~
X-dll2 ---G-G ———————————————— S--PI--N-RSR--...Q0000Q0S--QC
Xdll-2 ~--G-M-------c--- G---S--PI--N- GSR—-I.Q (0000002010 &
Dlx-3 ASPNYLDDPTNSWYHTQ. NI.SGPHIQQQPPQPA’I’LHHASPGPPPNPGAVY

-4 S--S--E-YNP, ---HPQ-=~~=-~-~~ . .G-M--T....--GT----
Zefdlx3 ST-P-ME-YS-H--QQ..... —S———I{PVHH-G ........ -—QSV----
X-dllz S--T--ENY.HP--.--Q-QP-Q--~....PSEVM-Q....---NT..--
Xdli-2 S--S--ENY.H---.--Q-Q--Q---....PSEVM-Q....--~

COMPARISON OF DISTAL-LESS FAMILY MEMBERS

KEEPEAEVRMUNG . KPKKVRI@RTIYSSYQLAALQRRFQKAQHALPERAELAAQIGLTQIQWIWFWRRSIGMYK

B 1 R 0 e St oy - e g MW -
W-.GG---.F--Q- G--I—---———-—L--Q-—N—-~-QI‘ ------------- s -------------- SO M-
-C- .DSGL~-. %= =G==Mz====----L--Q0-N-=--RT=-=---=----_- T Y- -MM-

©

D1x-3
WiBox4
Zefdlx3
X-di12
Xxdl1-2

Dlx-2
X-dl14 (XDLL1)
X-dil3

Consensus

DISTAL-LESS DOMAIN

* % * % e & e de kK kok ok *%k k¥
LTDISSSLSCHAGS KDSPTLPESTVIDLGYYS
R R SA-------
S--L-G-M---PT- ---c--uo- SA--M----
-==LTT..-=-BVT -----mnu- SA--M----
—=-L-T-.-.-BVT ---cocmum SA--M---N
* J % % J ¥ Je ¥ dhkkkkhkdkhhkhkhhkhkhbhkitd
NSNS---N-SLHKP QE----- V--A--SS--T
NHMP- - -YHSLHK- QE----- V--A--SS--T
IRASEFQSMM-HP- Q--------- A--S----
.............. KDSPTLPESSATD. GYYS

QE VIV S T
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-2 and-3) (Price et al, 1991; Porteus et al, 1991; Robin-
son et al, 1991) and the Drosophila Distal-less gene
(Vachon et al, 1992) shows that the homology upstream
of the homeodomain is also conserved among the fly
gene and the different mouse Distal-less family members
(Fig. 2B). In this stretch of 18 amino acids, six residues
are identical. However, the similarity between the
Drosophila and the mouse sequences drops outside of
the homeodomain. Although only a partial protein
sequence is available for D/x-1 (Price et al, 1991), it is
obvious that Dix-2 and DIx-3 are more similar to each
other than Dix-1 (data not shown). Only sequence from
the homeodomain is available for the D/x-5 and -6 genes
(Simeone et al, 1994), precluding comparison.

Two other conserved blocks with 56 and 24% identity,
block A and B, respectively, are located upstream of the
homeodomain of all Dix-3 genes (Fig. 2A and C). The
last nine C-terminal amino acids are conserved as well.
Block A near the N-terminus represents a ‘Distal-less
domain’ that is highly conserved in all of the vertebrate
Distal-less genes, but is not found in the Drosophila gene
(Fig. 2C). The N-terminal residues of block A appear to
be characteristic for orthologous (or subfamily)
members, whereas the C-terminal portion is highly con-
served in all the genes.

2.2. Analysis of DIx-3 expression

By Northern blot analysis with D/x-3 probes, a 2.5-kb
transcript was detected in the RNAs of embryos of 9
days post coitum (p.c.) and older (data not shown).
Hybridization to RNA samples from microdissected
embryos showed that this transcript was expressed in the
skin and in the snout (Fig. 3). In contrast to the other
well-characterized murine Dix genes, Dix-1, -2, -5 and-6,
Dix-3 was not detectably expressed in the CNS. In adult
tissues, Dix-3 was expressed only in skin but not in
brain, liver, spleen, lung, kidney, salivary gland and

skeletal muscle (data not shown). The differential -

hybridization of these Dix probes confirmed that, under
the conditions used, the probe for Dix-3 did not cross-
hybridize with other Dix gene transcripts which are
known to be strongly expressed in the developing brain
(Price et al, 1991; Robinson et al, 1991; Porteus et al,
1991; Simeone et al, 1994).

2.3. In situ localization of Dix gene transcripts: Expres-
sion in the branchial arches
A detailed comparative analysis of the temporal and

Fig. 3. Detection of Dix-3 by Northern blot analysis. Total RNA (20
pg) from microdissected tissues of 16.5 day p.c. embryos was separated
on a 1.2% formaldehyde-agarose gel, blotted and hybridized with Dix-
3 (A) and GAPDH (B) probes. Lane 1: dorsal skin, lane 2: snout, lane
3: brain. Arrows indicate positions of 28S and 18S ribosomal RNA
bands.

spatial expression pattern of Dix-2 and-3 in the develop-
ing head was performed (Figs. 4-8). Early expression
domains were visualized by whole mount in situ hybrid-
ization of intact embryos (8—10.5 days p.c.) and isolated
heads from 12.5-day-p.c. embryos. As has been reported
for Dix-1 (Doll¢ et al, 1992) and Dix-2 (Bulfone et al,
1993), a major site of expression of DIx-3 was in the
branchial arches. Expression of Dix-2 precedes that of
Dix-3 and was initially detected in day 8.5 embryos in
two bands of cells extending from the hindbrain into the
branchial arches (Fig. 4A). The appearance of the label-
ed cells was consistent with that of migrating neural
crest cells. By 9.5 days p.c., after the neural crest cells
have completed emigration, the Dix-2 expressing cells
were located in the maxillary and mandibular com-
ponents of the first arch and in the second arch (Fig.
4B). At this stage, DIx-3 expression was first detected in
the distal tips of the arches (Fig. 4C) where post-

Fig. 2. Comparison of vertebrate Dix-3 protein sequences. (A) The amino acid sequences of Dlx-3 from the mouse, newt, zebrafish and frog are
aligned. The two conserved domains in the N terminal portion (Box A and Box B) are indicated by the boxes. The conserved regions flanking
the homeodomain are underlined and the homeodomain is double underlined. (B) Comparison of the homeodomain and upstream flanking se-
quence from Drosophila and mouse. The homeodomain is underlined. The conserved amino acids preceding the homeodomain are indicated by
asterisks. (C) Distal-less domain near the N terminus. This region is conserved among the genes of the vertebrate Distal-less family. The amino
acids which are identical among orthologs are indicated by asterisks. The sequence at the N terminal part is specific for orthologous genes of dif-
ferent vertebrate organisms, while the C terminal portion is conserved in all the Distal-less genes. The N and C terminal regions are separated by

a space.
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migratory neural crest cells are located. In slightly older
embryos, the expression of Dix-3 became restricted to
the caudal portion of the mandibular process (Fig. 4D).
As the more posterior arches developed, Dix-2 expres-
sion was also evident there (Fig. 4E). Expression of Dix-
3 was found in a more limited region in the first two
branchial arches only (Fig. 4F). In the head of a 12.5-
day-p.c. embryo, Dix-2 and -3 expression was seen only
in a small area around the branchial cleft which will
form the auditory hillocks (Fig. 4G and H). As in the
earlier stages, the expression of DIx-3 was restricted to
a smaller cell population than D/x-2 (Fig. 4G and H). At
this stage expression of D/x-2 was also found in the oral
epithelium and the nostrils as well as in the basal
forebrain (Fig. 4G).

The whole mount hybridization method is less effec-
tive at later stages of development due to difficulties
with penetration of the probe. Therefore, we performed
in situ hybridization of radiolabeled probes to sections
of embryos to confirm and extend the expression analy-
sis. Sections through the branchial region of up to 11.5
days p.c. showed that the epithelium and the mesen-
chyme expressed Dix-3 uniformly. In 11.5 day embryos,
the anterior border of expression was rather sharp and
extended through the middle of the first branchial arch.
Internally, the lateral extent of expression ended at the
branchial pouch (Fig. 5A and B). Up to day 12.5 p.c.,
the expression pattern in the branchial region did not
change and was seen in the mandibular process and the
second branchial arch (Fig. 5C and D). At this time,
Dix-3 expression was not restricted to a distinct mor-
phological structure but was mainly found in uniformly
dense mesenchymal cells.

2.4. Expression of Dix during craniofacial development

Starting about day 12.5 of embryonic development,
the facial and branchial region undergoes extensive
morphological changes as the final shape of the face
develops. Condensations form in the mesenchyme which
subsequently ossify and give rise to the bones of the
skull and the face. The Meckel’s cartilage in the mandi-
ble becomes clearly visible. At 13.5 days p.c., Dix-3
expression was seen in the area under the first branchial
cleft from which the external ear develops (Fig. 5SE and
F). Presumably this region is derived from DIx-3
expressing cells that, at earlier stages, were positioned
more externally at the tip of the anterior second bran-
chial arch and which have shifted internally during
facial morphogenesis.

Expression of DIx-3 was also seen in the epithelium of
the external naris (Fig. 5G and H). The hybridization
signal was restricted to the respiratory epithelium, while
no expression was detected in the more internal sensory
epithelium. In addition, Dix-3 was expressed in a nar-
row band of mesenchymal cells that form a ring enclos-
ing the nasal epithelium, which presumably forms the

nasal capsule (Fig. 5G and H). Strong hybridization of
Dix-3 was also seen in a group of condensed cells in the
vicinity of Meckel’s cartilage that corresponds to the
future ossification center of the mandible (Fig. 7E and
F).

Weak Dix-3 expression was found in discrete regions

‘of the mesenchyme between the hindbrain and the oral

cavity (Fig. 5I and J). The expression of Dix-3 did not
coincide with a single distinct anatomical structure but
was associated with loosely organized mesenchyme in
the area of the middle ear. During further development,
the expression of Dix-3 was progressively reduced such
that by 14.5 day p.c., only a few mesenchymal cells in
the maxillary region remain labeled (data not shown).
The expression domain of D/x-2 in the facial mesen-
chyme abutted, and partially overlapped, that of Dix-3
and was restricted to condensed mesenchyme lying close
to the tubotympanic recess, a cavity which forms from
the first branchial pouch. These mesenchymal cells are
the primordia of two first arch-derived middle ear
ossicles, the malleus and incus, which originate from the
proximal portion of Meckel’s cartilage and the quadrate
cartilage, respectively (Fig. 5K and L) (Sadler, 1990).

2.5. Dix expression in the inner ear

The inner ear develops from the otic vesicle which is
derived from the invaginating surface ectoderm of the
otic placode. During further development, the vesicle
divides into the ventrally located saccule and cochlea,
where Corti’s organ develops, and a dorsal part which
gives rise to the membranous labyrinth. The labyrinth is
the organ that senses motion equilibrium and consists of
the semicircular canals and the utricle (Sher, 1971).

Around day 11.5 p.c., the otic vesicle appears as an
ovoid sac whose dorsal walls consist of simple cuboidal
epithelium while the ventral walls are formed by
pseudostratified epithelia with 2-3 layers of cells. Dix-2
and -3 were expressed at low levels as the otic vesicle
begins to elongate and the vestibular labyrinth and
cochlear portions become distinguishable. At 12.5 days
p.c., the expression of both genes was restricted to the
vestibular part (Fig. 6A-C). The pattern of expression
appeared discontinuous within an apparently homo-
geneous cell population. Comparison of a series of adja-
cent sections revealed that the expression domains of the
two genes were partially exclusive.

On 12.5 days p.c., a rapid sequence of morphogenetic
events leads to the formation of the semicircular canals
which develop as pouches projecting from the wall of
the otocyst. The opposed walls of the pouches fuse in the
center but remain open along the rim, thus forming the
canals (Martin and Swanson, 1993). On day 13.5 p.c., all
three semicircular canals are present. At this stage, the
restriction of Dix expression to the vestibular region
became even more pronounced. Sections through the
center of the inner ear at the transition from the
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vestibular labyrinth into the saccule showed that expres-
sion of Dix-3 was only found in the epithelium of the
utricle and the semicircular canals (Fig. 6D and E). Both
Dix-2 and Dix-3 were expressed in the semicircular
canals (Fig. 6F-I). However, this expression was not
uniform as both hybridizing and non-hybridizing
regions were noted with both probes. Because of the
dynamic growth and bending of the developing ear dur-
ing this period (Sher, 1971), it was not possible to deter-
mine precisely the nature of structures showing
differential hybridization. More detailed analysis by
reconstruction of serial sections should resolve this issue
in the future. The expression declined after 13.5 day p.c.
and could not be detected in 14.5 day embryos.

2.6. DIx expression in the developing teeth

As in the branchial arches, the expression of Dix-2
slightly preceded that of Dix-3 and was slightly stronger
than DIx-3 throughout embryonic tooth development.
On 12.5 days p.c., Dix-2 was expressed in the oral
epithelium and the adjacent mesenchyme in the areas
where the teeth were developing (Fig. 7A and B). One
day later, as the dental lamina developed into an
epithelial bud surrounded by dental mesenchyme, both
genes were expressed (Fig. 7C-F). At this stage, the
expression of Dix-2 shifted to the buccal portion of the
anlage. In both incisors and molars, transcripts were
found predominantly in the dental epithelium and the
adjacent mesenchyme on the side opposing the cheek
(Fig. 7D and H). DIx-3 was expressed at a low level,
predominantly in the mesenchyme of the dental papilla
(Fig. 7F and I). Subsequently, a cap and bell shaped
anlage is formed as the deep surface of the epithelial bud
invaginates to partially surround the papillar mesen-
chyme. The patterns of Dlx expression were maintained
until the bell stage when final differentiation commences
(Fig. 7J-L). As the cells become organized at the
epithelial mesenchymal interface, the mesenchymal cells
differentiate into odontoblast cells and the cells' of the
inner enamel epithelium form the ameloblast layer. Dix-
2 expression was restricted to the ectoderm-derived
ameloblast layer (Fig. 7K), while Di/x-3 expression was
seen in both the ameloblasts and in the odontoblasts,
known to be derived from the cranial neural crest
(Lumsden, 1988) (Fig. 7L).

2.7. Dix Expression in whisker follicles

Development of the whisker follicles starts at day 11.5
in the maxillary process. In an anterior to posterior pro-
gression, five rows of placodal thickenings are formed in
the epidermis. The underlying mesenchyme condenses
and eventually becomes surrounded by the ingrowing
epithelial cells to form the dermal papillae. Those
epithelial cells adjacent to the papilla, the hair matrix
cells, start to divide rapidly and give rise to the more dif-
ferentiated cells of the hair follicle (Hardy, 1992). At
12.5 days p.c., expression of DIx-2 and -3 was visualized
in a patchy pattern in the epithelium of the upper lip
(Fig. 8A—-C). These regions corresponded to the posi-
tions of early whisker follicles. As the follicles
developed, the expression of Dix-3 increased strongly,
whereas DIx-2 expression was extinguished. In whisker
pads from 13.5-day-p.c. embryos, a clear gradient of
DIx-3 expression became apparent as the whisker
follicles differentiate in an anterior-posterior sequence
(data not shown). On day 14.5, all follicles expressed
Dix-3 (Fig. 8D, F and G) and the expression remained
strong until birth (not shown). A slight decrease of ex-
pression was seen in whiskers from 3-day-old mice, the
latest time point analyzed in this study. Sections through
15.5-day-p.c. whisker follicles after whole mount hy-
bridization revealed that the expression of Dix-3 was
localized to a small population of hair matrix cells adja-
cent to the dermal papilla (Fig. 8E). Similar labeling was
seen in the hair follicles in sections of newborn skin
(data not shown).

3. Discussion

3.1. Domains of the vertebrate Distal-less proteins are
highly conserved

In this study we present the complete cDNA sequence
of the murine DIx-3 gene, originally identified as a PCR-
generated fragment (Robinson et al, 1991), and describe
its -expression pattern during mouse embryogenesis.
Comparison of the predicted amino acid sequence of
DIx-3 reveals conservation of the sequences immediately
preceding and following the homeodomain among Dix
family members. This ‘extended homeodomain’ has also
been noted in other homeobox gene families (for
example Takahashi and Le Douarin, 1990; reviewed in

Fig. 5. Dix expression in the branchial arches and their derivatives. (A and B) Sagittal section of 11.5-day-p.c. embryo hybridized to D/x-3 antisense
probe. Transcripts are detected in the posterior portion of the first (1) and the second (2) branchial arch extending to the branchial pouch (arrow).
ov, otic vesicle. (C and D) Coronal section of 12.5-day-p.c. embryo hybridized to DIx-3 antisense probe. Note expression in the lateral region of
the first and second arch. (E-L) Sagittal sections of 13.5-day-p.c. embryo. (E and F) Dix-3 transcripts are found in the mesenchyme abutting the
first branchial cleft. (G and H) Section through the frontonasal process. Dix-3 is expressed in the nasal capsule (n). (I-L) Adjacent sections through
the region of the future middle ear. (I and J) Dix-3 hybridizes to a diffuse expression domain in the mesenchyme (brackets). (K and L) Expression
of Dix-2 in the condensed mesenchyme from which the malleus and incus develop (arrowhead). oc, oral cavity; ov, otic vesicle; IV, Fourth ventricle.
Dark field (A, C, E, G, I and K) and corresponding bright field (B, D, F, H, J and L). Bar = 500 um in A~D and I-L; 200 xM in E and F; 300

pm in G and H.
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Fig. 6. Dix expression in the inner ear. (A—C) Coronal section through vestibular portion of the otic vesicle of 12.5-day-p.c. embryo. Dix-2 (B)
and DIx-3 (C) are expressed in distinct, partially overlapping domains. (D-K) Sagittal sections of 13.5-day-p.c. embryo. (D and E) Hybridization
of Dix-3 probe to a section at the transition from the vestibular to the saccular portion. Note presence of Dix-3 transcripts in the epithelium of
the utricle (u) and the semicircular canals (sc). No expression is detectable in the saccule (s). (F and G) Expression of Dix-2 in the semicircular
canals. (H and I) Expression of DIx-3 is seen in the semicircular canals and the utricle. This section is slightly medial to sections F and G. (J and
K) Control hybridization of a neighboring section with Dix-3 sense probe shows only background labeling. Bar = 170 um in A—C, 100 pm in D
and E and 200 pm in F-K.
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Fig. 7. Expression of Dix-2 and -3 during tooth development. (A and B) Coronal section of 12.5-day-p.c. embryo. Dix-2 expression is seen in the
oral epithelium () and the adjacent mesenchyme (m) in the areas where teeth begin to develop. (C-F) Sagittal section through the first molars
of a 13.5-day-p.c. embryo. (C and D) Dix-2 is expressed in the dental lamina (dl) of the lower molar and in the surrounding mesenchyme (also
seen in the upper jaw) (arrowheads). (E and F) Expression of DIx-3 is seen in the dental mesenchyme. The open arrowhead indicates the condensed
mesenchyme corresponding to the developing mandible that shows robust expression of Dix-3. (G-H) Sagittal section through incisors of a 13.5-
day-p.c. embryo. (H) shows expression of Dix-2 concentrated to the dental epithelium and the adjacent mesenchyme in the buccal portion of the
anlagen. (I) Expression of D/x-3 is more diffuse and extends into the follicular mesenchyme. The arrow heads in (G) indicate area of Dix-3 expres-
sion. The area of Dix-2 expression is encompassed by a white line. (J—L) Coronal section of 16.5-day-p.c. incisor. (B) Dix-2 expression is restricted
to the ameloblast layer. (C) Dix-3 is expressed in the ameloblast layer as well as in the mesenchyme of the dental papilla (dp). M, Meckel’s cartilage.
Bar = 100 ym in A and B; 200 um in C-L.
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Krumlauf, 1992). Interestingly, there is also a region
near the N-terminus that is conserved in all of the
vertebrate Distal-less family members that we have
designated the ‘Distal-less domain’. Although the
sequence of this region does not indicate its role, its con-
servation strongly argues its importance for Dix
function.

3.2. Expression of DIx genes suggests participation in
craniofacial patterning

Unlike previously reported murine D/x genes (Price et
al, 1991; Porteus et al, 1991; Robinson et al, 1991; Dollé
et al, 1992; Bulfone et al, 1993; Simeone et al, 1994),
DIx-3 is not expressed at detectable levels in the ventral
forebrain and it displays much more restricted expres-
sion in the branchial arches and in subsets of their
derivatives. Comparative analysis with Di/x-2 expression
illustrates its dynamic nature, which varies both tem-
porally and spatially during craniofacial development.
Expression of Dix-2 in the branchial arches of embryos
from 8.5-11.5 days p.c. has been reported before
(Bulfone et al, 1993). Our study confirms and extends
these results to include later stages of development and
follows Dix-2 expression as the various derivatives of
the arches differentiate.

DIx-2 expression starts earlier and is much more
widespread than DIx-3 expression in the branchial
arches. DIx-2 appears to be expressed in migratory
neural crest cells in all of the branchial arches. In con-
trast, Dix-3 expression is detected later, after emigration
of neural crest cells has ceased, and is largely restricted
to the distal tips of the first and second arch. Initially
Dix-3 is expressed uniformly in the distal portion of the
first two arches but within a day of its activation, its
expression becomes localized to the caudal portion of
the first arch and the second arch. Interestingly, labeled
crest cells originating from the level of rhombomere 1
and 2 in the chick displayed migration patterns very
similar to the expression pattern of Dix-3 in the caudal
first arch (Lumsden et al, 1991), suggesting that Dix-3
expression may demarcate a subpopulation of crest cells
that have a precisely defined segmental origin. The ex-
pression domain of Dix-2 extends more dorsally, more
rostrally into the maxillary process and more caudally
into all of the branchial arches. Expression of both Dix
genes becomes localized to distinct subsets of structures
derived from the branchial arches which initially express
these genes.

The differentiation of the neural crest-derived mesec-
toderm involved in the morphogenesis of the face relies
on extensive epithelial-mesenchymal interactions
(Noden, 1986; Le Douarin et al, 1993). Dix-2 and -3 ex-
pression is detected in many areas where such interac-
tions are known to occur, such as the developing teeth,
whisker follicles and ear. These two genes are generally
expressed in complementary and/or partially overlapp-

ing domains within these regions. Dix-2 expression
generally precedes that of Dix-3 (for example, in the
branchial arches, the teeth and whiskers), raising the
possibility that Dix-2 regulates Dix-3 either directly or
indirectly in cells that express both genes, or that Dix-2
expressing cells can induce DIx-3 expression in certain
adjacent cells.

3.3. Comparative analysis of DIx-3 genes in other
vertebrate systems

The Dix-3 related genes from mouse and other
vertebrate species show extensive homology outside of
the homeodomain and display common features in their
developmental expression, strongly suggesting that they
are true orthologs (Ekker et al, 1992; Beauchemin and
Savard, 1992; Papalopulu and Kintner, 1993; Dirksen et
al, 1994; Morasso et al, 1994). The murine DIx-3 gene is
expressed in the skin of embryos and in adults, as are
other Dix-3 orthologs (Beauchemin and Savard, 1992;
Morasso et al, 1994; Dirksen et al, 1994). Certain Hox
homeobox genes are also expressed in skin (Chuong et
al, 1990; Bieberich et al, 1991; Detmer et al, 1993), sug-
gesting that they may be involved in conferring spatial
information to this organ. In contrast, the extensive
expression of DIx-3 in the skin and associated hair
follicles coupled with the observation that the Dix-3
gene is activated during the induced differentiation of
mouse keratinocytes in vitro (Morasso et al, 1994),
indicate that this gene is more likely to be involved in
cellular differentiation than in providing positional
information in the skin.

The frog gene Xdll-2 is also reported to be expressed
in the branchial arches (Dirksen et al, 1994), although
these authors did not assess expression during later
stages of craniofacial development extensively. The
zebrafish dix3 gene is expressed during inner ear de-
velopment (Ekker et al, 1992), as is the murine homolog.
There are some differences in the expression patterns in
these disparate vertebrate species that can be accounted
for by species-specific variations in the ontogeny, ar-
chitecture and function of the inner ear of fish and mam-
mals. Thus, it would appear that spatially restricted
Dix-3 expression is involved in the regulation of inner
ear development in both vertebrate species. |

The newt ortholog, NvHBox-4, and the related gene
NvHBox-5 are expressed in the skin and brain of adults
(Beauchemin and Savant, 1993). Expression of Dix-3
has not been detected in the mouse brain, suggesting
that either the newt gene is not a true ortholog or that
this discrepancy is due to species-related variability. The
newt genes are also expressed in regeneration blastemas
of the limbs and tail and, therefore, appeared to be reac-
tivated during regeneration. Our study has focused on
the expression of Dix-3 in the head, although expression
of Dix-3 (M. Morasso and T. Sargent, personal com-
munication), as well as Dix-1 and -2 genes (Dollé et al,
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1992; Bulfone et al, 1993), has been detected in the
apical ectodermal ridge of mouse embryo limb buds.

34. The role of homeobox genes in craniofacial
development

At the time of migration from the neuroepithelium,
the cranial neural crest cells have acquired intrinsic pat-
terning information concerning their position along the
rostrocaudal axis and the structures they give rise to
(Noden, 1983). There is increasing evidence that
homeobox genes are involved in specifying this informa-
tion (reviewed in McGinnis and Krumlauf, 1991). In

mouse embryos, cognate members of the Hox gene
clusters are expressed in a dynamic and coordinated
fashion along the rostrocaudal axis. In the hindbrain,
the rostral boundaries of Hox expression domains coin-
cide with alternating rhombomere borders, and each
rhombomere is characterized by a distinct Hox expres-
sion profile that results from variations in both the dura-
tion and levels of Hox expression. This expression
profile, or ‘Hox code’, is believed to impart positional
identity along the anteroposterior axis. With the excep-
tion of Hoxa-2 (Lumsden and Prince, 1994), the neural
crest cells emigrating from the rhombomeres express the
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Fig. 9. Homeobox gene expression domains in the branchial arches. The temporal and spatial patterns of expression suggest that the neural crest
cells that give rise to the arches express distinct subsets of homeobox genes before, during and after emigration. The boxed regions indicate the
temporal and spatial expression domains of DIx-1, -2 and -3 and several other representative homeobox genes, Hox, Msx and gsc (see text). For
simplicity, only the Hox-B genes are diagramed, though other Hox family members are expressed in these regions as well (McGinnis and Krumlauf,
1992). The location of the boxed domains relative to the diagram of the branchial arches (B1-4) indicates their anteroposterior and mediolateral
positions. The open boxed area for Dix-3 shows that its rostral boundary initially extends to the entire first arch but eventually regresses to the
posterior half of this arch. Based on published observations of the location and initial appearance of detectable expression, the neural crest cells
expressing individual homoebox genes are classified as premigratory, migratory or postmigratory. Assignment to these classes is not absolute, since
the genes have not all been directly compared by the same investigator and since levels of expression below the limit of detection would not have
been reported. Variation along the dorsoventral axis is not represented here.
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same set of Hox genes as the neuroectoderm at their
point of origin.

We have shown that the Dix-2 and -3 genes are also
expressed in overlapping, but distinct, regions of the
cranial neural crest that give rise to the branchial arches.
Dix-1 is also differentially expressed in the branchial ar-
ches (Dollé et al, 1992). Its early expression pattern in
the mesenchyme of all of the arches is very similar to
that of Dix-2, although transcripts of Dix-1 are initially
detected later in development (10.5 days p.c.) (Dollé et
al, 1992). The Distal-less expression domains partially
overlap with those of the Hox genes along the
rostrocaudal axis, but extend more rostrally into the
first arch, where Hox gene expression has not been
detected.

Several other homeobox genes that are not part of the
Hox gene family are also expressed in the cranial neural
crest and branchial arches at this stage of embryogene-
sis. The expression domains of these genes (diagrammed
in Fig. 9) vary temporally and spatially along the dor-
soventral and mediolateral as well as the rostrocaudal
axes. The Msx genes are rather broadly expressed in
cranial neural crest at or before the time of emigration
(Hill et al, 1989; Robert et al, 1989; MacKenzie et al,
1991a,b; Graham et al, 1993). Transcripts become
localized to the nasal processes and the branchial arch
mesenchyme and later become prominently expressed in
the developing teeth and other sites of epithelial-
mesenchymal interaction (MacKenzie et al, 1992). As
their expression patterns suggest, these genes play
important roles in the morphogenesis of the head and
teeth. Mutations in the Msx-2 gene give rise to anomal-
ies in cranial development in humans (Jabs et al, 1993),
and loss of Msx-1 gene function in mice results in
craniofacial abnormalities and arrested tooth develop-
ment (Satokata and Maas, 1994).

The mouse goosecoid gene is expressed in
postmigratory neural crest cells of the first and rostral
portion of the second arch (Gaunt et al, 1993). The
expression domain of goosecoid in this area is com-
plementary and exclusive to that of Dix-1, being
restricted to the medial parts of the first arch, whereas
Dix-1 (Dollé et al, 1992), DIx-2 (Bulfone et al, 1993; this
report) and Dix-3 (this report) are expressed in the later-
al aspects of the arch. Goosecoid is also expressed in the
first branchial cleft and around the nasal pits, and thus
seems to overlap with the DIx-3 expression domain in
this region both temporally and spatially. In contrast,
goosecoid expression is restricted to the ventral portion
of the otic vesicle and the cochlear duct that derives
from it, while both DIx-2 and -3 are expressed exclusive-
ly in derivatives of the dorsal otic vesicle, the utricle and
semicircular canals.

The differential expression of the Dix genes with these
and other transcription factor genes in the branchial
arches strongly suggests that these genes participate in

craniofacial development through unique functions
and/or through combinatorial interactions. The Dix
genes could function in specifying or in elaborating
spatial information as appears to be the case for the Hox
genes, or they could function, as has been postulated for
the Msx genes, as mediators in the signalling processes
that take place during tissue interactions (Mackenzie et
al, 1991a,b; Takahashi et al, 1991; Brown et al, 1993).

Temporal differences in expression of homeobox
genes in the cranial neural crest suggest potential regula-
tory relationships. Hox and Msx-2 gene expression is
detected in the hindbrain and associated neural crest
before emigration. DIx-2 and Msx-1 expression is
detected in the crest cells slightly later, as the cells start
to migrate, and DIx-3 and goosecoid transcripts are ap-
parently expressed after the cells have reached the distal
aspects of the arches. Perhaps Hox genes, which are
postulated to impart positional address, modulate the
expression of the Dix genes. In this regard, it would be
interesting to examine whether DIx gene expression is
altered in null mutants of Hox genes that are normally
expressed in the arches (Chisaka and Capecchi, 1991;
Lufkin et al, 1991; Chisaka et al, 1992, Gendron-
Maguire et al, 1993; Rijli et al, 1993). Intriguingly, the
DIl gene is subordinate to homeotic genes in Drosophila
(Vachon et al, 1992; O’Hara et al, 1993). Expression of
DIl in the head is required for the proper specification
of the ventral maxilla and is regulated by the Deformed
gene (O’Hara et al, 1993). Thus, in Drosophila, DIl func-
tions as a mediator of homeotic gene activity by refining
the spatial patterns established by the homeotic genes, a
situation that may be recapitulated in the mouse during
the morphogenesis of the head.

4. Experimental procedures

4.1. Animals

To obtain embryos, female FVB/N mice were
superovulated and mated. Noon of the plug day was
counted as 0.5 days post coitum (p.c).

4.2. Library screening and isolation of clones

Several embryonic cDNA Agt 10 libraries were screen-
ed with a mixture of amplified mouse Distal-less
homeobox sequences as described (Robinson et al,
1991). DNA probes were labeled with 3?P by the
random-primed method (Feinberg and Vogelstein,
1983). Two partial clones were isolated from an 8.5-day
(Fahrner et al, 1987) and a 12.5-day (Joyner and Martin,
1987) cDNA library. The inserts were subcloned into
Bluescript and sequenced using the dideoxy chain ter-
mination method (Sanger et al, 1977). The longer of
these cDNA sequences was used to screen a genomic
DNA library and one clone was isolated. It was subclon-
ed according to standard methods (Sambrook et al,
1989) and partially sequenced. The sequences were
analyzed using GCG programs (Devereux et al, 1984).
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4.3. Northern blot hybridization

RNA was prepared with RNazol (Cinna-Biotex)
according to manufacturer and was separated on 1.2%
formaldehyde-agarose gels, transferred to nylon mem-
branes (Stratagene) and hybridized with random
primed, [*’P)-labeled probes in Rapid-hyb buffer
(Amersham) at 65°C. Stringent washes were performed
at 65°C in 0.1 x SSC and 0.1% SDS. Probes were
generated from restriction fragments and included the
1.1-kb insert from the longest Dix-3 ¢cDNA clone and
the rat glyceraldehyde-3-phosphate-dehydrogenase
(GAPDH).

4.4. In situ hybridization

Hybridization to sections. Embryos were fixed in 4%
paraformaldehyde in PBS, embedded in paraffin and 3.5
pm sections were mounted on poly-lysine coated slides.
Sense and antisense probes were generated from ap-
propriately linearized plasmids by in vitro transcription
with T3 and T7 polymerase (Stratagene) and >*S-UTP
(Amersham). The plasmid for Dix-3 contained a 1.1-kb
c¢DNA insert. Probes for Dix-2 were as described
previously (Robinson et al, 1991). Hybridization was
performed as previously described (Mackem and
Mahon, 1991). The slides were coated with Kodak
NTB-2 emulsion and developed after 10-14 days expo-
sure at 4°C.

Whole mount hybridization. The procedure described
by Conlon and Rossant (1992) was used. Embryos were
fixed in 4% paraformaldehyde in PBS (phosphate buf-
fered saline) on ice for 2 h, washed in PBT (PBS contain-
ing 0.1% Tween 20) and dehydrated in methanol. They
were bleached, rehydrated and treated with Proteinase
K as described. After fixing in 4% paraformaldehyde
and 0.2% glutaraldehyde, they were treated with 0.1%
sodium borohydride. Prehybridzation was carried out
for 1 h at 63°C in hybridization buffer (50% formamide,
0.75 M NaCl, 10 mM PIPES pH 6.8, 1 mM EDTA, 100
ug/ml E. coli tRNA, 0.1% BSA, 1% SDS). Digoxigenin-
labeled riboprobes, prepared with a Genius kit (Boehr-
inger Mannheim), were used for hybridization overnight
at 63°C. The embryos were washed as described and
subjected to immunohistochemical detection of the
hybridized probes. A color reaction was usually seen
after 1-2 h. In some instances, strongly stained
specimens were dehydrated and embedded in paraffin
and thin sections were prepared to determine the tissue
distribution of labeled cells.
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Note added in proof

The sequence of DIx-3 is identical to the partial
sequence of DIx-7 reported in Weiss et al., J. Exp. Zool.,
in press.
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